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INTRODUCTION

Prostate cancer cell lines have been developed for studying pathways that modulate

growth of these cells in culture and in mouse xenograft models. LNCaP cells are an

immortalized prostate cancer cell line developed from a patient undergoing treatment with

estrogens after androgen ablation by orchiectomy (1-3). LNCaP cells are androgen-responsive,

and there is an increase in cell proliferation and prostate-specific antigen (PSA) secretion after

treatment with testosterone or dihydrotestosterone (1). LNCaP cells express a mutant androgen

receptor (Thr887Ala) in the hormone binding domain (2, 3), and these cells exhibit increased

responsiveness to estradiol and progesterone compared to cells expressing wild-type androgen

receptor (AR) (3-5). In contrast to LNCaP cells, PC3 cells are androgen-insensitive, do not

express the AR (6, 7), and are used as models for androgen-independent prostate cancer.

Previous studies in this laboratory focused on inhibitory crosstalk between the aryl

hydrocarbon receptor (AhR) and AR in LNCaP prostate cancer cells. In these studies, we

showed that both 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and the selective AhR modulator

(SAhRM) 6-methyl-1,3,8-trichlorodibenzofuran (6-MCDF) inhibited dihydrotestosterone

(DHT)-induced transactivation in LNCaP cells (8). In these studies, we used the androgen-

responsive pPB construct containing the -288 to +28 region of the probasin gene promoter linked

to a luciferase reporter gene. The antiandrogenic responses observed for TCDD and 6-MCDF

were observed for LNCaP cell proliferation and for transactivation using the pPB construct, but

not a pARR3 construct which contained three tandem androgen-responsive elements (AREs).

During the past year, inhibitory AhR-AR crosstalk was also investigated in 22Rv1 cells using an

approach similar to that carried out in LNCaP cells (8). The CWR22 prostate cancer xenograft

model also forms androgen-dependent tumors that secrete PSA, and 22Rv1 prostate cancer cells
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have been developed from relapsed CWR22 xenografts (9, 10). This stable cell line exhibits

similarities to the CWR22 xenograft and 22Rvl cells express the AR and DHT induces

proliferation (10). CWR22 tumors and presumably 22Rvl cells also express a mutant AR

(His874Ty4) which does not affect androgen-responsiveness but is responsive to estradiol,

progesterone, flutamide, and the adrenal steroidal compound dehydroepiandrosterone (11). In

addition, we also initiated studies with 3,3'-diindolylmethane (DIM) and ring-substituted DIMs

in both LNCaP and 22Rvl prostate cancer to investigate their antiandrogenic activity. This

approach was outlined in the original grant application and spurred by a recent report showing

that DIM also exhibited antiandrogenic activity by competitively binding the AR and blocking

DHT-induced nuclear translocation of the AR (12).

BODY

Ah-responsiveness of 22Rv1 Cells: CYP1A1 Induction and Modulation of Cell Cycle

Genes

Induction of CYP 1Al -dependent EROD activity is one of the most characteristic and

sensitive responses to TCDD, and the results in Figure IA show that concentrations 0.1 - 10 nM

TCDD significantly induced EROD activity. A maximal 20-fold induction response was

observed at the highest concentration. TCDD also induced immunoreactive CYPlA1 protein in

22Rv1 cells (Fig. 1B), and the SAhRM 6-MCDF also induced CYP1A1 in this cell line.

Western blot analysis also confirmed that expression of both AhR and Arnt proteins and other

proteins associated with cell proliferation (p27 and cyclin Dl) and the transcription factor Spl

were unchanged by treatment with either TCDD or 6-MCDF.
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A.
25

20

Figure 1. Ligand-dependent AhR activation in 22RV1
Z ' cells. [A] Effects of TCDD on EROD activity in 22RV1

5 cells. Cells were treated for 24 h with DMSO, 1 Pm, 1 nM,
or 10 nM TCDD and EROD activity was determined in

DMSO Io-,2 , - whole cells as described in the Experimental Procedures.
S0 1V 10 All treatments were statistically different than control. [B]

Effects ofAhR agonists on immunoreactive CYP1AI
protein levels in 22RV1 cells. Cells were treated with

B. 22RvO CELLS chemicals for 6 h and whole cell Lysates were analyzed by
C TODD MCt.. Western blot as described in the Experimental Procedures.

10, 2 S Significant (p < 0.05) induction by compounds alone is
Arriti• )-E indicated by asterisk, and significant (p < 0.05) inhibitory

S effects observed in cotreatment studies is also indicated
( ** ). Results are expressed as means + SE for three

CYPIAI 4 replicate determinations for each treatment group.

Cy.1. 01•

Inhibition of Androuen-dependent Activity by TCDD and 6-MCDF in 22Rvl Cells

The comparative effects of TCDD and 6-MCDF on androgen-responsiveness were investigated

in 22Rvl cells transfected with the construct pPB which contains the -286 to +28 promoter

region from the probasin gene linked to the firefly luciferase gene. Both 10 nM DHT and 10 nM

E2 induced reporter gene (luciferase) activity in 22Rvl cells transfected with pPB (Fig. 2A).

Since 22Rvl cells do not express an estrogen receptor cc (ERa) or ERP3, this result suggests that

enhanced transactivation by E2 is AR-dependent. This is consistent with previous studies

showing that the mutant AR expressed in this cell line is estrogen-responsive (9-11). 22Rvl

cells transfected pPB were treated with 10 nM TCDD or 2 ýtM 6-MCDF, and luciferase activity

was unaffected by the AhR agonists. In cotreatment studies, both TCDD and 6-MCDF

significantly inhibited DHT- and E2-induced luciferase activity in 22Rvl cells. We further

investigated DHT- and E2-dependent activation of pPB in 22Rvl cells using the antiandrogen

HPTE (13) and the antiestrogen ICI 182780 (Fig. 2B). HPTE alone did not significantly induce

transactivation in 22Rvl cells transfected with pPB and, in cells cotreated with HPTE plus
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hormone (E2 or DHT), there was a significant decrease in hormone-induced luciferase activity.

Interestingly, the antiestrogen ICI 182780 also inhibited E2- and DHT-induced activity; however,

the magnitude of inhibition was less than observed for HPTE.

A. 14

1a0

L ii Figure 2. Inhibition of AR-dependent transactivation by
OHT 10 o ÷ antiandrogens and antiestrogens in 22Rvl cells. Cells

re210,, . ÷were transfected with pPB, treated with hormones and
TCDDIOnM * -

6-MCOF 2 .. either [A] TCDD or 6-MCDF or [B] HPTE or ICI
182780. Luciferase activity was determined as described

8. 14 in the Materials and Methods. Significant (p < 0.05)
12 induction by compounds alone is indicated by an asterisk,
1. and significant (p < 0.05) inhibitory effects observed in

, cotreatment studies is also indicated ( ** ). Results are
sexpressed as means ± SE for three replicate

1 ar t n determinations for each treatment group.
h 4tDl

2

DpTrrionM. I ri o

E2 10 nWRv c f 6 h Bni
HPWTE 10 pM + ÷ ÷

MIC 182,780 1 IM . . . .+N

Effects of Hormones and AhR Aoinists on AR protein

Androgen-responsiveness is due, in part, to AR protein levels, and we therefore initially

investigated the time-dependent effects of 10 nM DHT and 10 nM TCDD on AR protein levels

as determined by Western immunoblot analysis (Fig. 3A). The results show that DHT increased

AR protein levels within 1 hr after treatment and receptor levels remained elevated for up to 24

hr. In contrast, treatment with 10 nM4 TCDD for up to 24 hr did not significantly affect AR

protein expression. Interactions of DHT and E2 with AhR agonist were further investigated after

treatment of 22Rvl cells for 6 hr. Both 10 nM DHT and E2 increased immunoreactive AR

protein, whereas 10 nM TCDD and 2 gM 6-MCDF did not affect levels of AR protein (Fig. 3B).

This observation contrasts to the effects of AhR agonists on ERa protein which is rapidly
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degraded in breast cancer cells after treatment with TCDD alone or in combination with E2. In

cells cotreated with TCDD and E2 or DHT, there was not a significant decrease in AR protein

compared to treatment with hormone alone. In contrast, AR protein levels were decreased in

cells cotreated with 6-MCDF plus DHT (but not E2). These results illustrate differential effects

of the AhR agonists on AR protein levels in 22Rvl cells cotreated with E2 or DHT. It is

unlikely that inhibitory AhR-AR interactions observed in transactivation assays (Fig. 2) are

linked to changes in AR protein levels in the various treatment groups.

A.

3.0

0. 2.0

"".In Figure 3. AR protein expression in 22Rvl cells treated with
as 111 hormones, AhR agonists, antiandrogens and antiestrogens.
0 [A] AR protein expression in cells treated with DHT and

ICDO, Teloil TCDD. LNCaP cells were treated for 1 h, 3 h, 6 h, and 24 h
and AR protein levels in whole cell lysates were determined
by Western blot analysis as described in Materials and

. Methods. [B] AR protein expression in cells treated with
0• *hormones, and AhR agonists. AR protein levels were

.IA determined in [A]. For studies illustrated in [A] and [B],
...... significant (p < 0.05) increases in AR protein levels by

0 0..2 individual compounds are indicated by asterisk, and* * * significant (p < 0.05) decreases in the cotreatments groups
0.41 are also indicated ( Results are expressed as means ± SE

for three replicate determinations for each treatment group.
IDH- 10 W + +

Tm•D 10lo÷
s-CDPI 2 pM . . . . ÷

Antiandrogenic Activity of DIM and Ring-substituted DIMs

A recent report showed that DIM exhibited antiandrogenic activity in LNCaP cells, and

our results in Figure 4 confirm that DIM inhibits DHT-induced transactivation on both LNCaP

and 22Rvl cells transfected with pPB. This laboratory has previously reported that ring-

substituted DIMs exhibit more potent anticarcinogenic activity than DIM (14, 15), and a

comprehensive series of isomeric symmetrical dibromo-, dichloro-, dimethyl- and



9

dimethoxyDIMs and other analogs have been synthesized. Initial studies used a series of

isomeric 4,4'-, 5,5'-, 6,6'- and 7,7'-dibromoDIMs and determined their androgenic/antiandrogenic

activities in LNCaP and 22Rvl cells transfected with pPB. The results show that, like DIM, 4,4'-,

5,5'- and 6,6'-dibromoDIM exhibit potent antiandrogenic activity and minimal activity as AR

agonists (Fig. 5). In contrast, 7.7-dibromoDIM is both a partial AR agonist and antagonist in

both cell lines. These results demonstrate that for the isomeric symmetrical dibromoDIMs, there

was a remarkable effect of substituent ring position on their AR antagonist/agonist activities in

LNCaP and 22Rvl cells.

A B

12- LNCaP 14

10 12

o 10

•6

DIMpM 0 5 10 20 0 5 10 20
DHT(1;lM) - + - + - + -+ + - + . + .+

Figure 4. Effects of DIM on DHT-induced transactivation. Cells were transfected
with the pPB construct and significant (p < 0.05) induction by DHT (*) and inhibition
by DIM (**) are indicated.
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diBrDIMs + DHT (1 I.M)

A B

120 120

100 LNCaP 100 22Rv1

8- 800. 0

0 60' ",. 603 -"x'--

60- "0---.- - -..- . .

20 ...... ---0 -1% 0 I I I

0 5 10 20 0 5 10 20

Conc (pM) Conc (pM)

diBrDIMs

C D
10 10
9. -0-4,4 diBr 9.-
8 5,5 8 d-Br

-7 E-6,6 diBr72g7 7'"i

1= 6 - ,0-77diBr 6
005

;4- 4,

05 10 20 05 10 20

Conc (pM) Conc (pM)

Figure 5. Antiandrogenic [A and B] and androgenic [C and D] activities of isomeric dibromoDlMs.
Cells were transfected with pPB and treated with dibromoDIM ± DHT. Fold induction (**) is indicated.

Key Research Accomplishments

"* 22Rvl prostate cancer cells are Ah-responsive.

"* TCDD and MCDF inhibit DHT-induced transactivation in 22Rvl cells transfected with

pPB and similar results were previously observed in LNCaP cells.

" E2 was also androgenic in 22Rv1 cells.

" DIM is an antiandrogen in 22Rv1 and LNCaP cells, whereas the activities of symmetrical

substituted (e.g. dibromo) DIMs are dependent on the position of the substituent.
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REPORTABLE OUTCOMES

Morrow, D., Qin, C., Smith III, R. and Safe, S. Aryl hydrocarbon receptor-mediated inhibition
of LNCaP prostate cancer cells growth and hormone-induced transactivation. J. Ster.
Biochem. Mol. Biol. 88:27-36, 2004

Morrow, D. and Safe, S. Inhibitory aryl hydrocarbon receptor-androgen receptor crosstalk in
22Rvl cells. Manuscript in preparation.

CONCLUSIONS

The AhR is expressed in 22Rv1 prostate cancer cells, and both TCDD and the SAhRM 6-

MCDF inhibit growth of this cell line. TCDD and MCDF also inhibited activation of pPB by

DHT and E2, and the potential modulation of AR protein levels by AhR agonists was

investigated as a potential mechanism of inhibitory AhR-AR crosstalk in 22Rvl cells. Initial

time course studies showed that DHT alone appeared to increase AR protein levels for up to 24

hr after treatment as previously reported in LNCaP cells. TCDD alone did not significantly

affect levels of AR protein, and this was in contrast to the rapid degradation of ERax in breast

cancer cells treated with TCDD. Results in Figure 2 show that although both E2 and DHT

increase AR protein levels 6 hr after treatment, only MCDF significantly decreased hormone-

induced AR protein. These results suggest that inhibitory AhR-AR crosstalk is not directly

dependent on altered expression of AR in 22Rvl cells. DIM and ring-substituted DIMs also

exhibit antiandrogenic activity in LNCaP and 22Rv1 cells; however, studies on a series of

isomeric 4,4'-, 5,5'-, 6,6'- and 7,7'-dibromoDIMs show that their effects were dependent on the

position of the substitution. Moreover, the isomeric DIMs also differentially affect AR protein

expression. Future studies will complete studies on inhibitory AhR-AR crosstalk and further

investigate ring-substituted DIM-induced androgenic vs. antiandrogenic activity and their

potential role for clinical treatment of this disease.
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Abstract

LNCaP prostate cancer cells express the aryl hydrocarbon receptor (AhR), and treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) induces CYPlAl protein and an Ah-responsive reporter gene. Similar results were obtained with the selective AhR modulator
6-methyl-1,3,8-trichlorodibenzofuran (6-MCDF); however, TCDD but not 6-MCDF induced degradation of the AhR protein. TCDD and
6-MCDF inhibited growth of LNCaP cells, and inhibitory AhR-androgen receptor (AR) crosstalk was investigated in cells transfected with
constructs containing the androgen-responsive probasin promoter (-288 to +28) (pPB) or three copies of the -244 to -96 region of this
promoter (pARR3). Ten nanomolar dihydrotestosterone (DHT) and 17p3-estradiol (E2) induced transactivation in LNCaP cells transfected
with pPB or pARR 3; however, inhibitory AhR-AR crosstalk was observed only with the latter construct. 6-MCDF and TCDD did not
inhibit DHT- or E2-induced transactivation in ZR-75 human breast cancer cells, indicating that these interactions were promoter and cell
context-dependent. Both E2 and DHT stabilized AR protein in LNCaP cells; however, cotreatment with TCDD or 6-MCDF decreased AR
protein levels. These results indicate that inhibitory AhR-AR crosstalk in prostate cancer cells is complex and for some responses, AR
protein stability may play a role.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Ah receptor; Androgen receptor; Inhibitory crosstalk; LNCaP cells

1. Introduction genes involved in tumor cell growth and metastasis (e.g.,
antiangiogenic drugs, antisense therapy) [9-13]. Ligands

Prostate cancer is the most commonly diagnosed cancer for nuclear receptors (NR) are also being developed for
in North American men and it is estimated that there are treatment of prostate cancer through inhibitory NR-AR
over 300,000 newly diagnosed cases each year [1,2]. The crosstalk that involves various compounds that bind the
incidence and mortality rates from prostate cancer are in- retinoid acid/X-receptors (retinoids), vitamin D receptor
creasing and this is due, in part, to an increasingly aging (calcitrol), and peroxisome proliferator activate recep-
population and the higher incidence of this disease in older tor -y (thiazolidinedione-derived drugs) [14-26]. A recent
men [3,4]. Prostate cancer therapy is dependent on the stage study in androgen-responsive LNCaP prostate cancer cells
of the tumor and androgen receptor (AR) expression. Early showed that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
stage androgen-responsive prostate cancers can be treated a ligand for the aryl hydrocarbon receptor (AhR), inhibited
by castration or with antiandrogens or drugs that block testosterone-induced cell proliferation and gene/reporter
androgen-induced responses including steroidal antiandro- gene expression [27].
gens (cyproterone), luteinizing hormone releasing hormone The AhR was initially identified as the intracellular re-
(LHRH) analogs, nonsteroidal antiandrogens (flutamide, ceptor that bound TCDD and related toxic halogenated
nilutamide, bicalutamide), and the potent estrogenic drug aromatic hydrocarbons [28,29]; however, more recent stud-
diethylstilbestrol (reviewed in [5-8]). In addition, there are ies show that chemoprotective phytochemicals and other
several novel strategies for treatment of prostate cancer and structurally-diverse chemicals also interact with this recep-
other tumor-types and these include targeting of critical tor [30]. There is also evidence that the AhR is a potential

target for drug development since long-term feeding studies
* Corresponding author. Tel.: +1-979-845-5988; fax: +1-979-862-4929. with TCDD in female Sprague-Dawley rats showed that
E-mail address: ssafe@cvm.tamu.edu (S. Safe). development of several age-dependent cancers including

0960-0760/$ - see front matter 0 2004 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.jsbmb.2003.10.005



28 D. Morrow et al.IJournal of Steroid Biochemistry & Molecular Biology 88 (2004) 27-36

1713-estradiol (E2)-dependent mammary and uterine tumors highest quality available from commercial sources. Sched-
were inhibited [31]. Subsequent studies have demonstrated uled substances were procured, stored, and disposed in
inhibitory AhR-ER crosstalk in the rodent uterus, rodent compliance with relevant federal and state laws.
mammary tumors, breast and endometrial cancer cells
[28,32-34]. In addition to the reported growth inhibitory 2.2. Transient transfection assays
effects of TCDD in prostate cancer cells, recent studies
show that AhR agonists also inhibit growth of pancreatic ZR-75 human breast cancer and LNCaP human prostate
cancer cells [35]. cancer cells were obtained from American Type Culture

Research in this laboratory is focused on develop- Collection (Manassas, VA) and were maintained in RPMI
ment of selective AhR modulators (SAhRMs) that exhibit 1640 medium supplemented with 10% FBS, 1% antibi-
tissue-specific AhR agonist or antagonist activity [36,37]. otic/antimycotic solution, 1.5 g/l sodium bicarbonate, and
Alternate substituted (1,3,6,8- or 2,4,6,8-) alkyl polychlori- 10lmM HEPES, final pH of 7.4. Cells were seeded at
nated dibenzofurans, typified by 6-methyl-1,3,8-trichlorodi- 2.75 x 105 per 22-mm well in DME-F12 without phenol
benzofuran (6-MCDF), are relatively non-toxic and inhibit red, supplemented with 2.5% charcoal-stripped FBS. After
prototypical AhR-mediated toxic responses in rodent models 24h, cells were transfected using Lipofectamine and Plus
(i.e., AhR antagonists) but exhibit selective AhR-dependent reagents (Invitrogen) according to manufacturer's instruc-
antiestrogenic and antitumorigenic activities in mammary tions. LNCaP and ZR-75 cells were transfected with 500 ng
tumor models [38-46]. 6-MCDF also inhibits growth of per well of either reporter plasmid, and 250 ng per well
some ER-negative breast cancer [47] and pancreatic cancer of pcDNA3.1-3-gal (Invitrogen) as the internal control. In
cells [35]. This paper describes inhibition of LNCaP prostate addition, ZR-75 cells were transfected with 500 ng hAR.
cancer cell growth by TCDD and 6-MCDF, and both com- Twenty-four hours after treatment, cells were harvested
pounds also inhibit E2- and androgen-induced transactiva- by scraping with 200 Vxl per well of reporter lysis buffer.
tion in LNCaP cells transfected with an androgen-responsive Lysates were centrifuged at 40,000 x g and luciferase and
construct containing probasin gene promoter inserts. P3-galactosidase activity was assayed with 30 p1 of the su-

pernatant extract per sample using a Lumicount luminome-

2. Materials and methods ter (Perkin-Elmer, Boston, MA). Luciferase activity was
normalized to P3-galactosidase activity for each transfection
well. Results of transfection experiments are expressed as

2.1. Chemicals, biochemicals, and plasmids means ± S.E. compared to the DMSO control group, which
is set at 1.

Fetal bovine serum (FBS) was obtained from Summit
Biotechnology (Fort Collins, CO). RPMI 1640 medium,
phenol-free Dulbecco's modified Eagle's medium/F-12 2.3. Cell proliferationassay
medium, phosphate-buffered saline, 100x antibiotic/anti-
mycotic solution, N-[2-hydroxyethyl]piperazine-N'[2-et- After trypsinization and low-speed centrifugation,
hanesulfonic acid] (HEPES), 17[-estradiol (E2), and di- LNCaP cells were resuspended and counted using a Coul-
hydrotestosterone (DHT) were purchased from Sigma; 5x ter cell counter (Beckman Coulter, Fullerton, CA). Cells
reporter lysis buffer and luciferin were purchased from were seeded at a density of 5 x 104/35-mm well using
Promega (Madison, WI). Reagents for 3-galactosidase DME-F12 without phenol red, supplemented with 2.5%
analysis were purchased from Applied Biosystems (Foster charcoal-stripped FBS. Twenty-four hours after seeding,
City, CA). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) initial treatment was applied and then subsequently reap-
and 6-methyl-1,3,8-trichlorodibenzofuran (6-MCDF) were plied with fresh medium every two days until harvesting by
synthesized in this laboratory. Forty percent polyacrylamide trypsinization. Cells were counted after harvesting using a
was obtained from National Diagnostics (Atlanta, GA). Coulter counter.
PB-luc and ARR 3TK-luc [48] constructs were the generous
gifts of Dr. Robert J. Matusik (Vanderbilt University Med- 2.4. Fluorescence activated cell sorting analysis
ical Center, Nashville, TN). Human AR (hAR) expression
plasmid [49] was kindly provided jointly by Drs. Kerry L. Cells were analyzed on a FACS Calibur (Becton Dickin-
Burnstein (University of Miami School of Medicine) and son, San Jose, CA) flow cytometer, equipped with a 15 mW
Michael J. McPhaul (U.T. Southwestern Medical School, air-cooled argon laser, using CellQuest (Becton Dickinson)
Dallas, TX). The pcDNA3.1-[3-gal plasmid was obtained acquisition software. Propidium iodide (PI) fluorescence was
from Invitrogen (Carlsbad, CA). The pDRE3 -luciferase collected through a 585/42-nm bandpass filter, and list mode
reporter plasmid was constructed in this laboratory and data were acquired on a minimum of 12,000 single cells
contains three tandem consensus dioxin response elements defined by a dot plot of PI-width versus PI-area. Data anal-
(DRE) (TCT TCT CAC GCA ACT CCG A-a single DRE ysis was performed in ModFit LT (Verity Software House,
sequence). All other chemicals and biochemicals were the Topsham, ME) using PI-width versus PI-area to exclude cell
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aggregates. FlowJo (Treestar, Inc., Palo Alto, CA) was used LNCaP Cells
to generate plots summarized in Table 1. Oh 12h

C TCOD MCDF C TCODD MCDF
2.5. Western immunoblot analysis 10 2 5 10 :2 5

Cells were harvested 6 h after treatment using 200 pI/ 22 - AhR
mm well of ice cold lysis buffer (50 mM HEPES, pH 7.5,
500mM NaCl, 10% (v/v) glycerol, 1% (v/v) Triton-X Arntl
100, 1.5mM MgC12 , 1 mM EGTA) [46]. Lysates were
centrifuged at 40,000 x g, and supernatant extract was
collected. Whole cell extracts (50 tig per sample) were C"IAI

separated by electrophoresis on a tiered 7.5% (top)/12.5%
(bottom) SDS-polyacrylamide gel and transferred to PVDF Cyciin D0

membrane (Bio-Rad, Richmond, CA). The membrane was P27
blocked with 5% milk (m/v) in tris-buffered saline 0.05% (A)
Tween (TBST). Membranes were incubated with primary pDRE3
antibodies for AR (sc-7305), cyclin DI (sc-718), or p2 7  12 •
(sc-528) (each from Santa Cruz Biotechnology, Santa ,

W10Cruz, CA) at 1:1000 in 5% milk/TBST for 3h. Mem- 0
branes were washed twice in TBST. Horseradish peroxi- * a
dase (HRP)-conjugated secondary antibodies were applied • 6
at 1:5000 in 5% milk/TBST for 1 h. After two TBST 4
washes, PVDF-bounded antibodies were detected using a 2
chemiluminescence kit (Western Lightning, Perkin-Elmer), r)
ImageTek-H film (American X-Ray and Medical Sup- 0
ply,- Rancho Cordova, CA) and an autoprocessor (Hope DHT 10 nM - 4 - + + +.. ÷

Macro-Med, Warminster, PA). Quantitation of the Western E210 nM - -+ - - + - +
TCDDl10 M - --V - + .~ + + - .

blot was performed using a Sharp JX-330 scanner (Sharp, (B) 6-MCoF2 - .. + +

Mahwah, NJ) and Zero-D software (Scanalytics, Billerica,

MA). The experimental protocol used for Western blot anal- 1000000
ysis of CYP1A1, AhR, cyclin D1, p27 and Arnt protein were 900000
essentially as described above [46] using CYPlAl, AhR 80000

and Arnt antibodies purchased from Santa Cruz Biotech- W 6000 *
nology. In this experiment, cells were treated with 10nM 5o0000
TCDD, 2 or 5 RM 6-MCDF for 6 or 12 h. Results for quan- d 400000
titative comparisons of AR protein levels are expressed as 200000

means:LS.E. for three separate experiments, and levels were 100000
compared to the DMSO control group, which was set at 1. 0 -

TCDD (nM) - 1 10 100 :,

(C) 6-MCDF (nM) - 10 100 1000
3. Results

Fig. 1. Ligand-dependent AhR activation and growth inhibition in LNCaP
cells. (A) Induction of CYPlAl protein. LNCaP cells were treated with

3.1. Effects of TCDD and 6-MCDF on AhR activation DMSO (C), l0nM TCDD, 2 or 5giM 6-MCDF for 6 or 12h, and
and growth of LNCaP cells whole cell lysates were analyzed by Western blot analysis as described

in Section 2. Antibodies were used to detect the AhR, Amt, CYP1Al,
cyclin DI and p27 proteins. (B) Activation of pDRE 3. LNCaP cells were

Previous studies reported that the AhR and Arnt mRNA transfected with pDRE3 , treated with various compounds and luciferase
are expressed in LNCaP cells and Ah-responsiveness activity was determined as described in Section 2. Significant induction
was confirmed by induction of CYP1A1 mRNA and (P < 0.05) is indicated with an asterisk and inhibition of TCDD- or
CYP1Al-dependent EROD activity by TCDD [27]. Re- 6-MCDF-induced activity is also indicated (**). (C) Inhibition of LNCaP
sults illustrated in Fig. 1A show that 10nM TCDD, 2 and cell growth by TCDD and 6-MCDF. Cells were cultured for six days,

treated with different concentrations of TCDD or 6-MCDF, and cell5 iM 6-MCDF induce CYP1A1 protein in LNCaP cells, numbers were determined as described in Section 2. Significant (P < 0.05)
and this is consistent with previous reports showing that growth inhibition is indicated by an asterisk. All results are presented
10nM TCDD induces CYP1Al-dependent EROD activity as means ± S.E. for three replicate determinations for each treatment
[27]. Western blot analysis also confirmed expression of group. Growth inhibition in some of the groups was observed after 2 to

both AhR and Arnt proteins, and treatment with TCDD but 4 days.
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Table 1
Effects of TCDD on cell cycle progression in LNCaP prostate cancer (A) pPB
cellsa 16 ,

014*
Treatment Percent distribution O

i 12
Go/Gi G2/M S z

o 10 ** **
DMSO 70.300 ± 1.779 10.973 ±- 0.544 18.7 ± 1.258 F
TCDD (10- 9 M) 74.300 ± 0.751* 10.633 ± 0.376 14.7 ±1 0.520* * 8
TCDD (10-1 M) 75.367 ± 0.636* 10.300 ±- 0.153 14.3 ± 0.666* 2 6

TCDD (10-TM) 77.500 ± 0.451* 8.943 ± 0.471 13.567 ± 0.176* 4
DHT (10-8M) 73.400 ±1 1.179 9.433 ±- 1.011 17.167 ± 0.296 u0 2

a LNCaP cells were treated as indicated for 48 h and the percentage 0

distribution of cells in GO/G 1, G2/M, and S phases were determined by
FACS analysis as described in Section 2. Significant (p < 0.05) effect DHT 10 nM - + + - + - +

compared to DMSO are indicated by an asterisk. E2 10 nM - - + + - + - +

TCDD1OnM- - - + - + + -. .

6-MCDF 2 pM .- . -. .. .+ + +

not 6-MCDF decreased expression of the AhR. Expression
of other proteins including Spl, cyclin D1 and p27 were (B) pARR3
unaffected by the treatments and serve as loading controls. 45 *

Results illustrated in Fig. LB also show that treatment of . 40

LNCaP cells with 10nM TCDD induced luciferase activ- 35

ity >9-fold compared to solvent control (DMSO) in cells 30 .

transfected with pDRE 3 . In contrast, 10nM DHT, 10nM 2 25I-

E2 and E2 plus DHT did not significantly induce activ- o 20
ity, and neither DHT or E2 in combination with TCDD Z 15

affected induced activity. 6-MCDF (2 pRM), a prototypical _j 10o 0
SAhRM, also induced luciferase activity (>7-fold), and this . 5

was consistent with the induction of CYPlA1 by 6-MCDF. 0

6-MCDF is a much less potent agonist for activation of

CYP1A1 or DRE-dependent activities in breast cancer cells DHT 10 nM - + + + - +

[42]. Both E2 and DHT in combination with 6-MCDF sig- E2 10 nM - + + + - - +

nificantly inhibited 6-MCDF-induced activity, whereas in TCDD 10 nM .+ + + - -

cells treated with TCDD in combination with E2 or DHT, 6-MCDF 2 PM .-- -- + + +

inhibitory interactions were not observed. Fig. 2. Inhibition of AR-dependent transactivation by TCDD and 6-MCDF.

The comparative effects of TCDD and 6-MCDF on LNCaP cells were transfected with pPB (A) or pARR 3 (B), treated with

growth of LNCaP cells were also determined in cells treated hormone or AhR agonist alone or in combination, and luciferase activity

with solvent control and different concentrations of the was determined as outlined in Section 2. Significant (P < 0.05) induction

AhR agonists for 6 days. The results show that TCDD by compounds alone is indicated by an asterisk, and significant (0 < 0.05)
(1-100nM) significantly inhibited proliferation of LNCaP inhibitory effects observed in cotreatment studies are also indicated (**).

Results are expressed as means ± S.E. for three replicate determinations

cells, and growth inhibition was also observed for 6-MCDF for each treatment group.

(Fig. 1B). Both compounds inhibited >50% cell growth at
one or more concentrations. Similar experiments were also

carried out with 6-MCDF and TCDD in LNCaP cells also 3.2. Inhibitory AhR-AR crosstalk in LNCaP cells

treated with different concentrations of DHT (up to 10 nM). transfected with androgen-responsive constructs

Hormone-induced cell growth was not observed; however,
both 6-MCDF and TCDD inhibited growth of LNCaP cells Jana et al. [27] previously reported that TCDD inhib-

in the presence of DHT (data not shown). These results con- ited testosterone-induced luciferase activity in LNCaP cells

firm that LNCaP cells are Ah-responsive and both TCDD transfected with an androgen-responsive construct contain-
and 6-MCDF inhibit LNCaP cell proliferation. The effects ing the mouse mammary tumor virus (MMTV) promoter.
of TCDD on cell cycle progression was also determined Inhibition of testosterone-induced PSA protein or mRNA

in LNCaP cells treated with 1.0, 10 and 100nM TCDD by 100nM TCDD was reported but not quantitated, and
for 48 h followed by FACS analysis (Table 1). The results the magnitude of inhibition was minimal. Therefore, we
show that TCDD induced a small but significant increase further investigated inhibitory AhR-AR crosstalk in LNCaP
in the percentage of cells in GO/Gl and a decrease of cells cells transfected with pPB which contains the -286 to +28

in S phase, whereas solvent (DMSO) and DHT (10nM) region of the androgen-responsive probasin gene promoter
exhibited minimal differences. (Fig. 2A). There was a >13-fold increase in luciferase
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activity in LNCaP cells treated with 10 nM DHT and trans- (A) pPB
fected with pPB and the induced response was significantly 16 •
inhibited after cotreatment with DHT plus TCDD. Similar 6" 14 *

inhibitory responses were also observed using 2 p+M MCDF CO
(Fig. 2A), whereas TCDD and MCDF alone did not signifi- a
cantly induce activity. Surprisingly, 10 nM E2 alone induces o 10

2
luciferase activity in LNCaP cells transfected with pPB, and 8

the hormone-induced response is significantly decreased in 6 *1

cells cotreated with E2 plus TCDD or 6-MCDF (Fig. 2A). 4 *
01

The pARR3 construct contains three tandem (3) copies h 2
of the probasin androgen response element, and was used 0EL-_
to further investigate inhibitory AhR-AR crosstalk and the DHT10nM - + + +

androgenic activity of E2. Ten nanomolar DHT induced a E210nM - + - + - +

>27-fold increase in luciferase in LNCaP cells transfected HPTEl1pM - . . . . . .

with pARR 3; however, for this construct, cotreatment with ICI 182,780 1 MM--------------- . .

DHT plus MCDF or TCDD did not decrease DHT-induced
activity (Fig. 2B). E2 (10 nM) also induced luciferase activ-
ity (>24-fold) in cells transfected with pARR 3: however, in (B) pARR 3
cells cotreated with E2 plus TCDD or MCDF, activity was
not significantly decreased compared to that observed for E2 0 30 ,
alone. These results confirmed that both DHT and E2 acti- 9 25
vated gene expression in cells transfected pPB or pARR3;Z ** **

however, inhibitory effects of AhR agonists were observed E
15only for the former construct.

The unexpectedly high AR agonist activity of E2 com- o 10
pared to DHT in LNCaP cells were further investigated in 0 5
cells transfected With pPB and treated with hormones and an- 0 5

tiandrogens or antiestrogens. Induction of luciferase activity
by 10 nM DHT and E2 in LNCaP cells transfected with pPB E2 10 nM - ÷ + - + +

was inhibited in cells cotreated with the hormone plus 10 E 10nM - ÷ ÷ +
R.M HPTE, an AR antagonist (Fig. 3A). However, in parallel HPTE 10 pM - . . + . -

studies, the "pure" antiestrogen ICI 182780 also significantly DcI182,7801 pM--- + ÷
inhibited E2-induced activity, whereas only minimal inhibi-
tion was observed in LNCaP cells treated with DHT plus (C) pARR 3 ,
ICI 182780. In a parallel experiment in LNCaP cells trans- 35 ,
fected with pARR 3 , both HPTE and ICI 182780 inhibited O 30
DHT and E2-induced luciferase activity (Fig. 3B), whereas 2P 25
1 pM flutamide, an AR antagonist, caused only minimal de- z
creases in hormone-induced activity (Fig. 3C). HPTE is also 0 20

0
an ERa agonist and ERP antagonist [50] and the results ob- 15
tamined for both HPTE and ICI 182780 suggest a possible _0
role for ERI3 in mediating activation of pPB and pARR3 . 2 5
However, previous studies show that endogenous ERP3 is -

insufficient for E2-induced transactivation in LNCaP cells 0
transfected with pERE 3, a construct containing three tan- DHT10nM - + + - 4 -

dem estrogen responsive elements (ERE 3) [51,52], suggest- E2 10 nM - - + +

ing that activation of pPB or pARR 3 is ERIB-independent. Flutamide I pM - - - + + +
Therefore, in order to confirm the role of AR in mediat-these responses, we further investigated hormone acti- Fig. 3. Inhibition of AR-dependent transactivation by antiandrogens anding tantiestrogens in LNCaP cells. Cells were transfected with pPB (A), pARR 3

vation of pPB and inhibitory AhR-AR crosstalk in ZR-75 (B) or pPB (C), treated with various compounds, and luciferase activity
cells which express minimal AR protein [53]. Results in was determined as described in Section 2. Significant (P < 0.05) induction
Fig. 4A show that DHT, E2, TCDD and MCDF do not ac- by compounds alone is indicated by an asterisk, and significant (P < 0.05)
tivate reporter gene activity in ZR-75 cells transfected with inhibitory effects observed in cotreatment studies is also indicated (**).

Results are expressed as means ± S.E. for three replicate determinationspPB alone; however, both DHT and E2 induced luciferase foeahtamntgup

activity in cells cotransfected with pPB and hAR expres-

sion plasmid (Fig. 4B). Induction by E2 was significant but
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(A) pPB ZR-75 cells 3.3. Effects of various treatments on AR, cyclin D1 and
2 p2 7 protein levels in LNCaP cells

Levels of AR protein expression may influence androgen-
Z responsiveness and inhibitory AhR-AR crosstalk, and the

S.results in Fig. 5A demonstrate levels of immunoreactive
AR protein in LNCaP cells after various treatments. Prelim-

- inary studies in LNCaP and other cell lines indicated that
.j any changes in AR expression were observed within 6-12 hft after treatment (data not shown) and a 6 h time point was

0 1 selected for this study. Treatment with 10nM DHT, 10nM

DHT 10 nM - + . + + - E2 or DHT plus E2 resulted in a significant increase in AR
E2 10 nM - - + - + - + - levels. In contrast, 10 nM TCDD and 2 RiM 6-MCDF alone

TCDDo 10 nM - - - + + + - did not significantly affect levels of AR protein; however, in
6-MCDF 2 pM--------+ combination with DHT, there was a significant decrease in

AR levels compared to cells treated with DHT alone. TCDD
in combination with E2 also decreased AR levels compared

(B) pPB + hAR ZR-75 cells to those observed in cells treated with E2 alone. In contrast,
50 *levels of immunoreactive p27 protein were not significantly

S45 * changed by any of the treatments (also observed in studiesS40 summarized in Fig. 1A), and served as a loading control

S 35 for this experiment. In a separate study, the effects of the
Zo 30 antiandrogen HPTE and the antiestrogen ICI 182780 alone

25 and in combination with E2 or DHT on AR levels were also
Z 20 determined (Fig. 5B). Ten micromolar HPTE alone did not

, 5affect AR levels in LNCaP cells, whereas ICI 182780 treat-
". s ment increased AR levels compared to DMSO (solvent)

0 treatment. Hormone (E2 or DHT)-induced upregulation

DHT1OnM - + -+ + of AR protein was not decreased cotreatment with HPTE

E2 10 nM - - + + - + or ICI 182780. Cyclin DI protein was not significantly

TDD 10 nM - - + + + changed in this study and served as a loading control (also
see Fig. IA). These data demonstrate that various treat-

Fig. 4. Inhibition of hormone-induced transactivation in ZR-75 breast ments differentially modulate AR protein levels in LNCaP
cancer cells transfected with pPB. (A) Transfection with pPB alone, cells, and current studies are focused on the influence of
ZR-75 cells were transfected with pPB, treated with various compounds ligand-induced changes in AR expression and the magni-
and luciferase activity was determined as described in the Materials and tude of hormone-induced transactivation.
Methods. No significant induction was observed in any of the treatment
groups. (B) Transfection with pPB and hAR. Cells were transfected and
treated as described in (A) except that 500 ng of hAR expression plas-
mid was also transfected. Significant (P < 0.05) induction by compounds 4. Discussion
alone is indicated by an asterisk and significant inhibitory effects ob-
served in cotreatment studies is also indicated (**). Results are expressed The AhR was initially characterized by its high affinity,
as means ± S.E. for three replicate determinations for each treatment low capacity binding to TCDD and related toxic halogenated
group. aromatic hydrocarbons [54]. However, recent studies have

demonstrated that the AhR also interacts with structurally
diverse synthetic chemicals, drugs, endogenous biochemi-

lower than observed for DHT in ZR-75 cells, and TCDD in- cals, and phytochemicals [30,55-57]. Moreover, many of
hibited E2 but not DHT-induced activity in cells cotreated these compounds such as synthetic retinoids, bioflavonoids,
with hormone plus TCDD. Similar results were observed in indole-3-carbinol and diindolylmethane (DIM) exhibit
duplicate experiments confirming that E2-dependent trans- chemoprotective and anticarcinogenic properties in labora-
activation of pPB was AR-dependent. However, it was also tory animal studies [58-63]. 6-MCDF is an example of a
evident that there were important differences between the relatively non-toxic synthetic AhR agonist/antagonist that
interaction of TCDD and DHT in LNCaP and ZR-75 cells inhibits several TCDD-induced toxic responses including
since TCDD did not inhibit DHT-induced luciferase ac- cleft palate, immunotoxicity and porphyria in mice and
tivity in the latter cell line. This suggests that inhibitory CYP1A1 in both in vivo and in vitro models [38-41]. How-
AhR-AR crosstalk is cell context-dependent for the pPB ever, 6-MCDF exhibits selective AhR agonist activity as
promoter. an antiestrogen and inhibits E2-dependent mammary tumor
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(A) growth (in vivo) and breast/endometrial cancer cell growth
[42-46].

Recent studies show that 6-MCDF also inhibits E2-in-

o*dependent pancreatic cancer cell growth [35], and results
~ 2 **of this study show that both TCDD and 6-MCDF inhibit

Z 1.5 growth of LNCaP cells (Fig. 1C), decrease the percentage

of cells in S phase, and increase the percentage in Go/G 1
z (Table 1). Although the percentage of cells in GO/G 1 and

z
§ 0.5 S phase are significantly affected by TCDD, the changes
o are relatively small suggesting that modulation of cell cycle

0 -genes by TCDD may not be a critical pathway for growth

DHT 10 nM - + . ÷ . inhibition. Treatment of LNCaP cells with up to 10 nM DHT
did not increase cell growth (data not shown) or GO/G1 -* SE2 10 nM - +. +! + :

TCDDI0nM .l - - + . + + . phase progression (Table 1); however, TCDD and 6-MCDF
also inhibited LNCaP cell growth in the presence of DHT

S2- -+ +(data not shown). In addition, 6-MCDF and TCDD did not
AR protein affect expression of cyclin DI or p27 (Figs. IA and 5), and

ronly minimal expression of p21 was observed in the treat-
I ment groups (data not shown). Current studies are further

investigating the mechanisms of LNCaP cell growth inhibi-

tion by AhR agonists.
(B) * Jana and coworkers [27,64] have reported inhibitory AhR-

AR crosstalk in LNCaP cells and showed that 10 or 100 nM
0 3 testosterone inhibited EROD activity induced by 100nM

2.5 TCDD and that TCDD inhibited testosterone-induced acti-
0 2 * vation of an androgen-responsive construct containing the

MMTV promoter. Results in Fig. IA and B confirm the
1.5 IAh-responsiveness of LNCaP cells. Both the AhR and Arnt

o 05 proteins are expressed LNCaP cells, and CYP1Al protein is

o.5• induced by TCDD and 6-MCDF. The induction of CYP1AI

0 by 6-MCDF was surprising since previous studies in breast

DHT 10 nM - + + .. + cancer cells, rodent mammary tumors, and rodent liver showE2 10 nM - + - *+ + that this compound only weakly induces CYP1A1, and in

HPTE i0 pM - ÷ + + + - cotreatment studies (TCDD + 6-MCDF), 6-MCDF inhibits

ICI 182,7801 pM W +------ + + induction of CYP1Al by TCDD [38-45]. Treatment of
proi LNCaP cells with TCDD resulted in decreased AhR pro-

AR protein. tein expression, and this is consistent with studies in other
cell lines where TCDD activates proteasome-dependent

Cycnin DI 44W*m4oa up MO 0 4 degradation of the ALIR [45,65-67]. In contrast, 2 or 5 p.M
6-MCDF did not decrease AhR protein levels, and differ-
ences between the effects of TCDD and 6-MCDF corre-

Fig. 5. AR protein expression in LNCaP cells treated with hormones, AhR lated with reports showing that interactions of these com-
agonists, antiandrogens and antiestrogens. (A) AR protein expression in pounds with the AhR induce different conformation of the
cells treated with hormones and AhR agonists. LNCaP cells were treated bound receptor complex [68]. Thus, although TCDD and
with DHT, E2, TCDD, 6-MCDF and their combinations for 6 h, and AR 6-MCDF induce similar responses, there are differences in
protein levels in whole cell lysates were determined by Western blot their mode of action. TCDD and 6-MCDF also induced lu-
analysis as described in Section 2. p2 7 protein was also determined for
this experiment; p27 was essentially unchanged in all of the treatment ciferase activity in cells transfected with pDRE3 (Fig. 1B).
groups and serves as a loading control for this experiment. (B) AR protein Hormone-dependent decreases in TCDD-induced activity
expression in cells treated with hormones, antiandrogens and antiestrogens. were not observed, whereas both E2 and DHT inhibited Iu-
AR protein levels were determined essentially as described in (A) and ciferase activity induced by 6-MCDF. This is consistent with
blots were stripped and reprobed with cyclin Dl antibodies. Cyclin D1 y y
protein was unchanged in this experiment and serves as a loading control, a potential squelching mechanism where the AR and AhR
For studies illustrated in (A) and (B), significant (P < 0.05) increases in compete for common cofactors, and inhibitory AR-AhR
AR protein levels by individual compounds are indicated by an asterisk, crosstalk is observed only with a less potent AhR agonists.
and significant (P < 0.05) decreases in the cotreatment groups are also Inhibitory AhR-AR crosstalk was investigated using two
indicated (**). Results are expressed as means -±- S.E. for three replicate related androgen-responsive constructs, pPB and pARR 3 .
determinations for each treatment group. pPB contains the -286 to +28 region of the probasin gene
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promoter and the more androgen-responsive pARR 3 con- AR protein. In contrast to AhR-dependent downregulation of
struct contains three copies of the -244 to -96 region of ERa in breast cancer cells, AhR agonists alone did not affect
the rat probasin gene promoter [48,69]. The results in Fig. 2 AR levels in LNCaP cells and inhibitory AhR-AR crosstalk
demonstrate that both E2 and DHT induce luciferase ac- in transactivation experiments was promoter-dependent.
tivity in LNCaP cells transfected pPB and pARR3 . Signifi- These results suggest that ligand-dependent interactions be-
cant inhibition of DHT- and E2-induced activity by 10 nM tween the AhR and AR signaling pathways are complex and
TCDD or 6-MCDF was observed in cells transfected with current studies are investigating which key growth regula-
pPB but not pARR3 . The inhibitory AhR-AR crosstalk in tory genes in LNCaP cells are targeted by the AhR. (Sup-
LNCaP cells transfected with pPB complements results of ported by Department of the Army DAMD17-02-1-0147).
previous studies using a construct with a human PSA gene
promoter insert [27]. The results obtained for pARR 3 and
pPB also demonstrate that inhibitory crosstalk is promoter References
specific; differences may be due to promoter flanking se-
quences within the PB promoter that are not present in the [1] S.H. Landis, T. Murray, S. Bolden, P.A. Wingo, Cancer statistics,
pARR3 construct and this is currently being investigated. CA, Cancer J. Clin. 48 (1998) 6-29.

Both E2 and DHT activated pPB and pARR 3 in LNCaP [2] A. Shibata, J. Ma, A.S. Whittemore, Prostate cancer incidence and
cells, and patterns of inhibition by antiandrogens and antie- mortality in the United States and the United Kingdom, J. Natl.

Cancer Inst. 90 (1998) 1230-1231.strogens were comparable (Figs. 2 and 3). Moreover, ac-CacrIs.9(18)2313.tvtrogen wer comPBinAR-arab e (Figs.72 and ls 3 ] M reoer, a[3] X. Gao, A.T. Porter, D.J. Grignon, J.E. Pontes, K.V. Honn, Diagnostic
tivation of pPB in AR-negative AR-75 cells [70] required and prognostic markers for human prostate cancer, Prostate 31 (1997)
cotransfection with AR expression plasmid (Fig. 4). These 264-281.
data are consistent with previous results showing that the [4] A. Chiarodo, National Cancer Institute roundtable on prostate cancer:
mutant AR (Thr877Ala) expressed in LNCaP cells exhibits future research directions, Cancer Res. 51 (1991) 2498-2505.
increased responsiveness to E2 [71,72]. [5] M.D. Sadar, M. Hussain, N. Bruchovsky, Prostate cancer: molecular

Studies in this laboratory have demonstrated that in- biology of early progression to androgen independence, Endocr.
Relat. Cancer 6 (1999) 487-502.

hibitory AhR-ERot crosstalk is associated with proteasome- [6] L. Klotz, Hormone therapy for patients with prostate carcinoma,
dependent downregulation of ERa that results in limit- Cancer 88 (2000) 3009-3014.
ing levels of this receptor [70]. Moreover, a recent report [7] M.J. Morris, H.I. Scher, Novel strategies and therapeutics for the
also showed that inhibition of androgen-induced transac- treatment of prostate carcinoma, Cancer 89 (2000) 1329-1348.

tivation by genistein in LNCaP cells was associated with [8] F. Boccardo, Hormone therapy of prostate cancer: is there a role for
genistein-induced downregulation of the AR [71]. We antiandrogen monotherapy? Crit. Rev. Oncol. Hematol. 35 (2000)

121-132.
therefore investigated ligand-dependent changes in AR [9] P. Boasberg, J. Harbaugh, M. Eisenberger, J. Harris, A. Langleben,
protein levels in LNCaP and other prostate and breast E Ahmann, Marimastat in patients with hormone refractory prostate
cancer cells, and preliminary time-course studies showed cancer: a dose-finding study, Proc. Am. Soc. Clin. Oncol. 16 (1997)
that AR levels stabilized within 6-24h after treatment 1126 (Abstract).
with hormones and/or their inhibitors. Results in Fig. 5 [10] J.D. Knox, L. Bretton, T. Lynch, G.T. Bowden, R.B. Nagle, Synthetic

matrix metalloproteinase inhibitor, BB-94, inhibits the invasion of
neoplastic human prostate cells in a mouse model, Prostate 35 (1998)

after treatment with hormones, AhR agonists, antiandro- 248-254.
gen/antiestrogen compounds and their combinations. DHT [11] M. Yamaoka, T. Yamamoto, S. Ikeyama, K. Sudo, T. Fujita,
increased levels of AR in LNCaP cells as previously re- Angiogenesis inhibitor TNP-470 (AGM-1470) potently inhibits the
ported [73,74]; similar responses were observed for E2 and tumor growth of hormone-independent human breast and prostate
this parallels the androgen-like activity of E2 in transacti- carcinoma cell lines, Cancer Res. 53 (1993) 5233-5236.
vation assays (Figs. 2--4). HPTE and 10 182780 alone also [12] J. Folkman, Angiogenesis in cancer, vascular, rheumatoid and otherdisease, Nat. Med. 1 (1995) 27-31.
increased AR levels but did not affect hormone-induced [13] J. Folkman, Tumor angiogenesis: therapeutic implications, N. Engl.
upregulation of AR protein. HPTE interactions with AR J. Med. 285 (1971) 1182-1186.
differ from the AR antagonist bicalutamide which down- [14] T. Dorai, C.A. Olsson, A.E. Katz, R. Buttyan, Development of a
regulates AR and prevents DHT-induced upregulation hammerhead ribozyme against bcl-2. I. Preliminary evaluation of
of AR in LNCaP cells [73]. AhR agonists also blocked a potential gene therapeutic agent for hormone-refractory human

hormone-induced upregulation of AR protein and this prostate cancer, Prostate 32 (1997) 246-258.
in [15] K.J. Pienta, N.M. Nguyen, J.E. Lehr, Treatment of prostate cancer in

paralleled the inhibttory AhR-AR crosstalk observed ithe rat with the synthetic retinoid fenretinide, Cancer Res. 53 (1993)
transfection studies with pPB (Fig. 2). This suggests that 224-226.
modulation of AR protein by the AhR may contribute to [16] M. Pollard, PH. Luckert, M.B. Sporn, Prevention of primary prostate
inhibitory AhR-AR interactions; however, other factors, cancer in Lobund-Wistar rats by N-(4-hydroxyphenyl)retinamide,
including promoter context, are important. Cancer Res. 51 (1991) 3610-3611.

In summary, results of this study demonstrate that TCDD [17] W.K. Kelly, T. Curley, C. Liebertz, B. Kim, H.I. Scher, Phase II
trial of 13-cis-retinoic acid and interferon-a 2a in patients with

and the SAhRM 6-MCDF inhibit growth of LNCaP prostate adenocarcinoma of the prostate, Proc. Am. Soc. Clin. Oncol. 15
cancer cells and inhibit hormone-induced upregulation of (1996) 250 (Abstract).



9

D. Morrow et al. /Joumal of Steroid Biochemistry & Molecular Biology 88 (2004) 27-36 35

[18] G.J. Miller, G.E. Stapleton, J.A. Ferrara, M.S. Lucia, Pfister, [35] A. Koliopanus, J. Kleeff, Y. Xiao, S. Safe, A. Zimmerman, M.W.
T.E. Hedlund, P. Upadhya, The human prostatic carcinoma cell Buehler, H. Friess, Increased aryl hydrocarbon receptor expression
line LNCaP expresses biologically active, specific receptors for 1 offers a potential therapeutic target in pancreatic cancer, Oncogene
alpha,25-dihydroxyvitamin D3, Cancer Res. 52 (1992) 515-520. 21 (2002) 6059-6070.

[19] G.J. Miller, G.E. Stapleton, TE. Hedlund, K.A. Moffat, Vitamin D [36] S. Safe, C. Qin, A. McDougal, Development of selective aryl
receptor expression, 24-hydroxylase activity, and inhibition of growth hydrocarbon receptor modulators (SARMs) for treatment of breast
by lca,25-dihydroxyvitamin D3 in seven human prostatic carcinoma cancer, Expert Opin. Investigat. Drugs 8 (1999) 1385-1396.
cell lines, Clin. Cancer Res. 1 (1995) 997-1003. [37] S. Safe, A. McDougal, M.S. Gupta, K. Ramamoorthy, Selective Ah

[20] D.M. Peehl, R.J. Skowronski, G.K. Leung, S.T. Wong, T.A. Stamey, receptor modulators (SAhRMs): progress towards development of a
D. Feldman, Antiproliferative effects of 1,25-dihydroxyvitamin D3 new class of inhibitors of breast cancer growth, J. Women's Cancer
on primary cultures of human prostatic cells, Cancer Res. 54 (1994) 3 (2001) 37-45.
805-810. [38] R. Bannister, L. Biegel, D. Davis, B. Astroff, S. Safe, 6-Methyl-l,3,8-

[21] C. Gross, T. Stamey, S. Hancock, D. Feldman, Treatment of early trichlorodibenzofuran (MCDF) as a 2,3,7,8- tetrachlorodibenzo-p-
recurrent prostate cancer with 1,25-dihydroxyvitamin D3 (calcitriol), dioxin antagonist in C57BL/6 mice, Toxicology 54 (1989) 139-150.
J. Urol. 159 (1998) 2035-2039. [39] C. Yao, S. Safe, 2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced

[22] T. Kubota, K. Koshizuka, E.A. Williamson, H. Asou, J.W. Said, porphyria in genetically inbred mice: partial antagonism and
S. Holden, I. Miyoshi, H.P. Koeffler, Ligand for peroxisome mechanistic studies, Toxicol. Appl. Pharmacol. 100 (1989) 208-216.
proliferator-activated receptor "y (troglitazone) has potent antitumor [40] B. Astroff, T. Zacharewski, S. Safe, M.P. Arlotto, A. Parkinson, P.
effect against human prostate cancer both in vitro and in vivo, Cancer Thomas, W. Levin, 6-Methyl-l,3,8-trichlorodibenzofuran as a 2,3,7,8-
Res. 58 (1998) 3344-3352. tetrachlorodibenzo-p-dioxin antagonist: inhibition of the induction of

[23] P. Tontonoz, S. Singer, B.M. Forman, P. Sarraf, J.A. Fletcher, rat cytochrome P-450 isozymes and related monooxygenase activities,
C.D. Fletcher, R.P. Brun, E. Mueller, S. Altiok, H. Oppenheim, Mol. Pharmacol. 33 (1988) 231-236.
R.M. Evans, B.M. Spiegelman, Terminal differentiation of [41] M. Harris, T. Zacharewski, B. Astroff, S. Safe, Partial antagonism
human liposarcoma cells induced by ligands for peroxisome of 2,3,7,8-tetrachlorodibenzo-p-dioxin- mediated induction of aryl
proliferator-activated receptor y and the retinoid X receptor, Proc. hydrocarbon hydroxylase by 6-methyl-I,3,8-trichlorodibenzofuran:
Natl. Acad. Sci. U.S.A. 94 (1997) 237-241. mechanistic studies, Mol. Pharmacol. 35 (1989) 729-735.

[24] P. Tontonoz, E. Hu, B.M. Spiegelman, Stimulation of adipogenesis [42] T. Zacharewski, M. Harris, L. Biegel, V. Morrison, M. Merchant,

in fibroblasts by PPAR y 2, a lipid-activated transcription factor, Cell S. Safe, 6-Methyl-l,3,8-trichlorodibenzofuran (MCDF) as an antie-
79 (1994) 1147-1156. strogen in human and rodent cancer cell lines: evidence for the role

[25] E. Mueller, P. Sarraf, P. Tontonoz, R.M. Evans, K.J. Martin, of the Ah receptor, Toxicol. Appl. Pharmacol. 13 (1992) 311-318.
M. Zhang, C. Fletcher, S. Singer, B.M. Spiegelman, Terminal [43] G. Sun, S. Safe, Antiestrogenic activities of alternate substituted

differentiation of human breast cancer through PPAR y, Mol. Cell polychlorinated dibenzofurans in MCF-7 human breast cancer cells,

1 (1998) 465-470. Cancer Chemother. Pharmacol. 40 (1997) 239-244.
[44] R. Dickerson, L. Howie-Keller, S. Safe, Alkyl polychlorinated[26]cM.smi, E.rMelenar, G.sults: Dhasem 11trial D f Kaum an, W r Odibenzofurans and related compounds as antiestrogens in the female

Jacobsen, Preliminary results: phase II trial of troglitazone for
rat uterus: structure-activity studies, Toxicol. Appl. Pharmacol. 135androgen-dependent (AD) and androgen-independent (AI) prostate (1995) 287-298.

cancer, Proc. Am. Soc. Clin. Oncol. 18 (1999) 328 (abstract). [45] A. M)Dougal, C. Wilson, S. Safe, Inhibition of 7,12-dimethyl-

[27] N.R. Jana, S. Sarkar, M. Ishizuka, J. Yonemoto, C. Tohyama, H. ben] A. anthraC.nWind ra mary tuor ow th yl
Sone Crss-alk etwen ,3,78-ttrahlordibnzop-dixinandbenz[a]anthracene-induced rat mammary tumor growth by aryl

Sone, Cross-talk between 2,3,7,8-tetrachlorodibenzo-p-dioxin and hydrocarbon receptor agonists, Cancer Lett. 120 (1997) 53-63.
testosterone signal transduction pathways in LNCaP prostate cancer [46] A. McDougal, M. Wormke, J. Calvin, S. Safe, Tamoxifen-induced
cells, Biochem. Biophys. Res. Common. 256 (1999) 462-468.[28 ll.s, Mio dulationhys Res ofgene expressio and99 endoc antitumorigenic/antiestrogenic action synergized by a selective Ah[28r S. Safe, Modulation of gene expression a nd ocrine receptor modulator, Cancer Res. 61(2001) 3901-3907.
response pathways by2,3,7,8-tetrachlorodibenzo-p-dioxinandrelated [47 W. Wang, W. Porter, R. Burghardt, S. Safe, Mechanism ofcompounds, Pharmacol. Therap. 67 (1995) 247-281. inhibition of MDA-MB-468 breast cancer cell growth by 2,3,7,8-

[29] A. Poland, J.C. Knutson, 2,3,7,8-Tetrachlorodibenzo-p-dioxin and tetrachlorodibenzo-p-dioxin, Carcinogenesis 18 (1997) 925-933.
related halogenated aromatic hydrocarbons. Examinations of the [48] R. Snoek, N. Bruchovsky, S. Kasper, R.J. Matusik, M. Gleave, N.
mechanism of toxicity, Annu. Rev. Pharmacol. Toxicol. 22 (1982) Sato, N.R. Mawji, P.S. Rennie, Differential transactivation by the
517-554. androgen receptor in prostate cancer cells, Prostate 36 (1998) 256-

[30] M.S. Denison, S.D. Seidel, W.J. Rogers, M. Ziccardi, G.M. Winter, 263.
S. Heath-Pagliuso, Natural and synthetic ligands for the Ah receptor, [49] J.L. Dai, C.A. Maiorino, PJ. Gkonos, K.L. Bumstein, Androgenic
in: A. Puga, R.J. Kendall, (Eds.), Molecular Biology Approaches to up-regulation of androgen receptor cDNA expression in androgen-
Toxicology, Taylor and Francis, London, 1998, pp. 3-33. independent prostate cancer cells, Steroids 61 (1996) 531-539.

[31] R.J. Kociba, D.G. Keyes, J.E. Beger, R.M. Carreon, C.E. Wade, D.A. [50] K.W. Gaido, S.C. Maness, D.P. McDonnell, S.S. Dehal, D. Kupfer,
Dittenber, R.P. Kalnins, L.E. Frauson, C.L. Park, S.D. Barnard, R.A. S. Safe, Interaction of methoxychlor and related compounds
Hummel, C.G. Humiston, Results of a 2-year chronic toxicity and with estrogen receptor alpha and beta and androgen receptor:
oncogenicity study of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) structure-activity studies, Mol. Pharmacol. 58 (2000) 852-858.
in rats, Toxicol. Appl. Pharmacol. 46 (1978) 279-303. [51] B. Saville, M. Wormke, F. Wang, T. Nguyen, E. Enmark, G. Kuiper,

[32] T. Zacharewski, S. Safe, Antiestrogenic activity of TCDD and related J.-A. Gustafsson, S. Safe, Ligand-, cell- and estrogen receptor subtype
compounds, in: K.S. Korach (Ed.), Reproductive and Developmental (a/p)-dependent activation at GC-rich (Spl) promoter elements, J.
Toxicology, Marcel Dekker, Inc., New York, 1998, pp. 431-448. Biol. Chem. 275 (2000) 5379-5387.

[33] W. Porter, S. Safe, Estrogenic and antiestrogenic compounds, in: [52] B. Saville, Mechanisms of Estrogen Receptor (ER) Action in Breast
A. Puga, K.B. Wallace (Eds.), Molecular Biology Approaches to Cancer Cells: Role of ER AF-1 Domain in ER/Sp-1 Transactivation
Toxicology, Techbooks, Fairfax, VA, 1998, pp. 267-283. and Modulation of ER by the Ring Finger Coactivator SNURF, Ph.D.

[34] S. Safe, 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and related Dissertation, Texas A&M University, 2002.
environmental antiestrogens: characterization and mechanism of [53] J. LaPoint, C. Labrie, Identification and cloning of a novel
action, in: R.K. Naz (Ed.), Endocrine Disruptors, CRC Press, Boca androgen-responsive gene, uridine diphosphoglucose, dehydrogenase
Raton, FL, 1999, pp. 187-221. in human breast cancer cells, Endocrinology 140 (1999) 4486-4493.



36 D. Morrow et al./Journal of Steroid Biochemistry & Molecular Biology 88 (2004) 2 7-36

[54] A. Poland, E. Glover, A.S. Kende, Stereospecific, high affinity MCF-7, RL95-2, and LNCaP cells: role of target steroid hormones
binding of 2,3,7,8- tetrachlorodibenzo-p-dioxin by hepatic cytosol: in cellular responsiveness to CYP1A1 induction, Mol. Cell. Biol.
evidence that the binding species is receptor for induction of aryl Res. Commun. 4 (2000) 174-180.
hydrocarbon hydroxylase, J. Biol. Chem. 251 (1976) 4936-4946. [65] B.J. Roberts, M.L. Whitelaw, Degradation of the basic helix-loop-

[55] S. Gradelet, P. Astorg, T. Pineau, M.C. Canivenc, M.H. Siess, J. helix/Per-ARNT-Sim homology domain dioxin receptor via the
Leclerc, P. Lesca, Ah receptor-dependent CYP1A induction by two ubiquitin/proteasome pathway, J. Biol. Chem. 274 (1999) 36351-
carotenoids, canthaxanthin and P-apo-8'-carotenal, with no affinity 36356.
for the TCDD binding site, Biochem. Pharmacol. 54 (1997) 307-315. [66] Q. Ma, K.T. Baldwin, 2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced

[56] P.H. Jellinck, P.G. Forkert, D.S. Riddick, A.B. Okey, J.J. Michnovicz, degradation of aryl hydrocarbon receptor (AhR) by the
H.L. Bradlow, Ah receptor binding properties of indole carbinols and ubiquitin-proteasome pathway. Role of the transcription activaton
induction of hepatic estradiol hydroxylation, Biochem. Pharmacol. and DNA binding of AhR, J. Biol. Chem. 275 (2000) 8432-8438.
43 (1993) 1129-1136. [67] R.S. Pollenz, E.R. Barbour, Analysis of the complex relationship

[57] L.E Bjeldanes, J.Y. Kim, K.R. Grose, J.C. Bartholomew, C.A. between nuclear export and aryl hydrocarbon receptor-mediated gene
Bradfield, Aromatic hydrocarbon responsiveness-receptor agonists regulation, Mol. Cell. Biol. 20 (2000) 6095-6104.
generated from indole-3-carbinol in vitro and in vivo- comparisons [68] M. Santostefano, S. Safe, Characterization of the molecular and
with 2,3,7,8-tetrachlorodibenzo-p-dioxin, Proc. Natl. Acad. Sci. structural properties of the transformed and nuclear aryl hydrocarbon
U.S.A. 88 (1991) 9543-9547. (Ah) receptor complexes by proteolytic digestion, Chem. Biol.

[58] I. Chen, S. Safe, L. Bjeldanes, Indole-3-carbinol and Interact. 100 (1996) 221-240.
diindolylmethane as aryl hydrocarbon (Ah) receptor agonists and [69] P.S. Rennie, N. Bruchovsky, K.J. Leco, P.C. Sheppard, S.A.
antagonists in T47D human breast cancer cells, Biochem. Pharmacol. McQueen, H. Cheng, R. Snoek, A. Hamel, M.E. Bock, B.S.
51 (1996) 1069-1076. MacDonald, B.E. Nickel, C. Chang, S. Liao, P.A. Cattini, R.J. Matusi,

[59] R.F. Casper, M. Quesne, I.M. Rogers, T. Shirota, A. Jolivet, E. Characterization of two cis-acting DNA elements involved in the
Milgrom, J.F. Savouret, Resveratrol has antagonist activity on the aryl androgen regulation of the probasin gene, Mol. Endocrinol. 7 (1993)
hydrocarbon receptor: implications for prevention of dioxin toxicity, 23-36.
Mol. Pharmacol. 56 (1999) 784-790. [70] M. Wormke, M. Stoner, B. Saville, K. Walker, M. Abdelrahim,

[60] S. Safe, I. Chen, W. Porter, Dietary indoles with antiestrogenic R. Burghardt, S. Safe, The aryl hydrocarbon receptor mediates
activity in common vegetables and their implications, in: E. Pavlik degradation of the estrogen receptor a through activation of
(Ed.), Estrogens, Progestins and Their Antagonists, Birkhouser, proteasomes, Mol. Cell. Biol. 23 (2003) 1843-1855.
Boston, 1996, pp. 73-97. [71] J.N. Davis, 0. Kucuk, F.H. Sarkar, Expression of prostate-specific

[61] M.A. Morse, S.D. LaGreca, S.G. Amin, F.L. Chung, Effects of antigen is transcriptionally regulated by genistein in prostate cancer
indole-3-carbinol on lung tumorigenesis and DNA methylation cells, Mol. Carcinogen. 34 (2002) 91-101.
induced by 4-(methylnitrosamino)-l-(3-pyridl)-l-butanone (NNK) [72] B.T. Montgomery, C.Y. Young, D.L. Bilhartz, P.E. Andrews, J.L.
and on the metabolism and disposition of NNK in A/J mice, Cancer Prescott, N.F. Thompson, D.J. Tindall, Hormonal regulation of
Res. 50 (1990) 1613-1617. prostate-specific antigen (PSA) glycoprotein in the human prostatic

[62] C.J. Grubbs, V.E. Steele, T. Casebolt, M.M. Juliana, I. adenocarcinoma cell, LNCaP, Prostate 21 (1992) 63-73.
Eto, L.M. Whitaker, K.H. Dragnev, G.J. Kelloff, R.L. Lubet, [73] T. Furutani, T. Watanabe, K. Tanimoto, T. Hashimoto, H. Koutoku, M.
Chemoprevention of chemically-induced mammary carcinogenesis Kudoh, Y. Shimizu, S. Kato, H. Shikama, Stabilization of androgen
by indole-3-carbinol, Anticancer Res. 15 (1995) 709-716. receptor protein is induced by agonist, not by antagonists, Biochem.

[63] I. Chen, A. McDougal, F. Wang, S. Safe, Aryl hydrocarbon Biophys. Res. Commun. 294 (2002) 779-784.
receptor-mediated antiestrogenic and antitumorigenic activity of [74] L. Sheflin, B. Keegan, W. Zhang, S.W. Spaulding, Inhibiting
diindolylmethane, Carcinogenesis 19 (1998) 1631-1639. proteasomes in human HepG2 and LNCaP cells increases endogenous

[64] N.R. Jana, S. Sarkar, M. Ishizuka, J. Yonemoto, C. Tohyama, H. androgen receptor levels, Biochem. Biophys. Res. Commun. 275
Sone, Comparative effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on (2000) 144-150.


